Endogenous murine leukemia virus (MuLV) was induced with 5-iododeoxyuridine (IdUrd) from the high-leukemia mouse strain AKR and from two lowleukemia strains, C3H/He and BALB/c. A virus-free cell line from strain AKR readily gave rise to infectious, XC-positive MuLV upon treatment with IdUrd, whereas cells from strains C3H/He and BALB/c produced replication-deficient, XC-negative MuLV. IdUrd-induced cells also produced xenotropic and mink cell focus-forming MuLV. Xenotropic virus emerged at a higher titer from both AKR and BALB/c cells during two discrete time intervals, first at day 3 after induction and a second time during spread of the induced ecotropic MuLV. Xenotropic and mink cell focus-forming MuLVs were also produced by IdUrd-induced C3H/He cells but required another round of infection in Sc-1 cells for detection. The in vitro infectivity of endogenous ecotropic MuLV isolated by IdUrd induction from C3H/He cells correlated with pathogenicity in the Fv-1-compatible, leukemianegative mouse strain NFS/N. Thus, the virulence of endogenous ecotropic MuLV may be an important factor in determining the leukemia incidence in these inbred strains of mice.
The presence of a type C virus that is infectious for its natural host (ecotropic) is usually associated with an increased incidence of cancer, typically a lymphoid leukemia. In inbred mice, such an ecotropic virus is endogenous in high-leukemia strains such as AKR, C58, and PL, as well as in low-leukemia strains such as C3H/He and BALB/c. The virus is absent in leukemia-negative mice, e.g., strains 129/J and NFS/N (6, 8, 9) . We have previously reported that endogenous ecotropic murine leukemia virus (MuLV) from C3H/1OT1/2 cells is XC negative and replication deficient (35, 36) . Similarly, Hopkins and Jolicoeur (21) have isolated poorly infectious, XC-negative MuLV from stocks of ecotropic BALB/c MuLV. This finding has led to the speculation that the infectivity of endogenous MuLVs may in fact be related to the leukemia incidence of their natural host (21, 35) .
During the course of leukemia development in high-leukemia strains of mice such as AKR/J, several distinct stages can be distinguished on the basis of the predominant virus forms that are being produced. Most notably, xenotropic and recombinant mink cell focus-forming (MCF) virus emerges in the thymus during the preleukemic period (19, 28, 29) . When inoculated into young AKR mice, certain of these MCF MuLV from strain AKR can rapidly induce a preleukemic condition (43) , which is followed by the development of overt leukemia.
In the present study, we examined the emergence of xenotropic MuLV and the formation of MCF MuLV during spread of 5-iododeoxyuridine (IdUrd)-induced endogenous MuLV in fibroblasts in culture. Moreover, we asked whether the kinetics of this process differ in cells from high-leukemia AKR/J mice compared with those from low-leukemia C3H/He and BALB/c mice to further test our speculation that properties of the endogenous ecotropic MuLV may relate to leukemia incidence.
Previous studies on 5-bromodeoxyuridine induction of AKR/NP cells (49) and BALB/3T3 cells (1, 3, 5, 31, 47) have shown that ecotropic (class I) and xenotropic (class II) MuLVs emerged at 3 to 4 days posttreatment. This early burst of virus production was reported to be transient for xenotropic MuLV, whereas ecotropic virus established a persistent infection (1, 47) . The induced xenotropic virus was either endogenous BALB-2 xenotropic virus (47) or a recombinant between endogenous ecotropic BALB-1 virus and the envelope gene of BALB-2 virus (14, 24) . Ecotropic virus from AKRINP cells as well as from the low-leukemia strain 756 RAPP BALB/c increases in titer during the 2 to 6 weeks after 5-bromodeoxyuridine induction (1, 48, 49, 50) . Ecotropic virus from the high-leukemia mouse strain AKR grew more rapidly to high titer than did virus from strain BALB/c. This was ascribed to a higher level of virus production by induced AKR cells, which are known to contain multiple ecotropic viral genomes (8) . MCF dual-tropic MuLV has not previously been isolated from such induction experiments.
We present here evidence which suggests that the difference in spread of IdUrd-induced virus from one high-leukemia strain (AKR) and two low-leukemia strains (C3H/He, BALB/c) is not due so much to the number of endogenous viral genomes, but rather to differences in the properties of the endogenous viruses themselves. The infectivity of equivalent polymerase units of induced ecotropic virus was three logs higher for AKR than for C3H/He or BALB/c virus. This difference in virulence is heritable in the virus upon cell culture passage, but variants with high infectivity can be readily selected after passage through a variety of transformed cells (35, 36 (44) , the DNA polymerase induction assay (35) , and the fluorescent-focus induction test (35) . Target cells were seeded at 103 per 60-mm dish. One day after being seeded, the cells were treated with Polybrene (20 ,ug/ml) for 1 h and then infected with 0.2 ml of viral suspension. After incubation for 2 h, the virus inoculum was removed and 5 ml of complete medium was added. After 24 h, the infected cultures were fixed and stained for MuLV by use of fluorescein isothiocyanate-labeled rabbit antiMuLV as previously described (35) . Culture fluids were collected at early confluency for determination of particle-bound, RNA-directed DNA polymerase activity (35) . The cells were then lethally UV irradiated and overlaid with 106 rat XC cells per 60-mm dish. Parallel dishes were subcultured and tested for virus at subsequent passages. Virus cloning was performed either by isolation from large plaques that developed in cultures infected at limiting dilutions or by the microtiter technique (48) .
Competition immunoassays. Purified viral proteins were labeled with 1251 at high specific activity (5 to 20 ,Ci/,ug), and competition immunoassays with unlabeled test antigens were performed as previously described (12) .
RESULTS

IdUrd activation of endogenous MuLV from
AKR/NP, C3H/10T1/2 Cl 8, and BALB/3T3 cells. The three fibroblastic cell lines used for this experiment (C3H/lOT1/2 Cl 8, BALB/3T3, and AKR/NP) fail to grow in soft agar or to produce endogenous type C viruses. For activation, cells were treated with 50 ,ug of IdUrd per ml for 18 h, and the ensuing virus production by cell cultures was monitored for viral p30 antigen production over a period of 42 days (Fig. 1) .
The emergence and spread of mouse-tropic virus in the IdUrd-treated cell lines from C3H/He and BALB/c mice occurred in three phases ( Fig. 1B and C; reference 36) . A brief period of transient virus production was followed by a decrease in antigen-positive cells (phase I) until infectious virus spread through the culture (phase II) and established a chronic productive infection (phase III) (Fig. 1C) .
Like the C3H/10T1/2 and BALB/3T3 cells, AKR/NP cells showed an initial burst in p30-positive cells (Fig. 1A, day 3 produced from AKR/NP cells was clearly much greater than that from the other cells, since the target cells infected by virus from the induced AKR culture reached maximal infection more rapidly (by passage 3 after infection of a day-10 culture fluid of the parent culture). Second, production of ecotropic virus was continuous after induction of AKR/NP cells, whereas this was not true with C3H/He and BALB/c cells. Although infectious particles were detectable during the week after induction of C3H/He and BALB/c cells, a lag period with no infectious ecotropic virus production was evident ( Fig. 1E  and F, day 12) . Third, the C3H/He and BALB/c cultures underwent a delayed increase in ecotropic virus production that began at about day 18 and continued over the 42-day duration of the experiment. Fourth, the kinetics of induction of infectious ecotropic virus from C3H/He and BALB/c cells were virtually identical.
AKR/NP cells also differed in the induction of xenotropic virus (Fig. 1G, H tase-containing particles induced drastically different responses (Table 1) . Virus from AKR cells had a specific infectivity of 102.9 polymerase-inducing units per 103.0 pmol in the polymerase induction assay and 104.2 PFU/103 pmol in the XC plaque assay. Virus from C3H/1OT1/2 and BALB/3T3 cells was XC negative and did not productively infect these cells, in which virus infection was detected only by assay for viral antigens in the cytoplasm (36) . Three other independent clonal lines were tested per induced culture with similar results. When the XC-negative virus was converted (36) by passage through C3H/MCA-5 cells, the XC-plaque-purified, converted clone R + Cl 3 had a specific infectivity of 102.6 polymerase-inducing units per 103-0 pmol and an XC plaque titer of 103.8/10 pmol. Thus, the XC plaque selection also increased the specific infectivity of a poorly infectious virus to a level comparable to that of AKR MuLV.
We have observed previously that poorly infectious, XC-negative ecotropic virus from C3H/1OT1/2 and BALB/3T3 cells could yield (convert to) replication-competent, XC-positive virus upon growth in certain fibroblast cell lines such as transformed Sc-1 or C3H/MCA-5 (35, 36) . This observation raised the possibility that AKR/NP cells were similar in this regard to Sc-1 cells, whereas C3H/1OT1/2 and BALB/3T3 cells were not. Thus, the differences in the infectivity and XC fusion ability of ecotropic virus from AKR/NP versus C3H/1OT1/2 and BALB/3T3 cells might have been due to differences in the phenotype of the induced cells as opposed to differences in their endogenous viral genotypes.
To compare the AKRINP cells with C3H/1OT1/2 cells with regard to this XC conversion ability, these virus-negative target cells were mixed in various ratios with a clone of chronically infected C3H/1OT1/2 (phase III) cells which was producing XC-negative MuLV. The results of this conversion experiment are summarized in Table  2 , which lists the percentage of cells in the cocultures that yielded XC infectious centers. Several ratios of virus-positive to virus-negative cells were used to allow for one or more cycles of infection in the virus-negative cells. The presence of Polybrene, which facilitates virus entry into cells, shifted the optimal mixing ratio to a lower input of virus-producing C3H/1OT1/2 cells and increased the yield of XC infectious centers. Both C3H/1OT1/2 and AKR/NP cells failed to convert XC-negative to XC-positive virus, even in the presence of Polybrene, whereas control Sc-1 and MCA-5 cells did convert virus; this indicates that this aspect of transformed cells is probably not responsible for the differences in infectivity and XC fusion activity of endogenous C3H and AKR MuLVs. a Culture fluids from IdUrd-treated AKR/NP and BALB/3T3 cells were tested for the presence of virus which could infect mouse cells (NIH) or cells from other species such as mink (Mv1Lu), dog (CF2TH), human (A204), or rabbit (SIRC). Virus infection was determined by assay of particle-bound DNA polymerase activity in culture fluids of infected cells and by counting cytopathic foci on mink cells. Cultures near the endpoint of titration were subcultured and reassayed for virus production. Virus titers were computed from the endpoint of titration. NT, Titer not determined.
b Numbers within parentheses are focus-forming units per milliliter. PIU, As described for b Numbers within parentheses are focus-forming units per milliliter. PIU, As described for Table 1 . c Detergent-disrupted viruses were tested in homologous competition immunoassays as described previously (12) . Results are expressed as the level of competition achieved at the highest virus concentration (1 mg/ml) tested. Values of over 90% competition are enclosed in boxes. of IdUrd-induced endogenous ecotropic C3H MuLVs would correlate with their pathogenicity in susceptible mice. This was tested by injecting newborn mice of the NFS/N strain (Fv-l) intraperitoneally with 2,000 to 5,000 infectious units of XC-negative, replication-deficient ecotropic virus or with the XC-positive, C3H/MCA-5 cellconverted variant MuLV R + Cl 3. Of 112 animals inoculated with C3H MuLV clone A2, 7 developed lymphoreticular tumors between 12 and 18 months of age. The XC plaque-purified derivative R + Cl 3, on the other hand, readily established viremia, which was followed by the development of leukemia in most of the animals (Fig. 2) . Thus, we have shown that infection with XC-positive, replication-competent, ecotropic MuLV is sufficient to convert the leukemia-negative NFS/N mice to the high-leukemia phenotype typical of AKR mice. Endogenous ecotropic virus from strain C3H/He, which is XC negative and replication deficient, did not convert this phenotype.
DISCUSSION
We describe here the induction by IdUrd of endogenous eco-, xeno-, and dualtropic MuLVs from C3H/1OT1/2, BALB/3T3, and AKRINP mice. Our results confirm previous work on the induction of ecotropic MuLV from BALB/3T3 (1, 3, 32, 47 ), C3H/1OT1/2 (35, 36), and AKR/NP cells (49) . Our findings differ from those reported previously on the induction of xenotropic MuLV in the following ways: (i) C3H/1OT1/2 cells did not produce detectable levels of xenotropic virus early (2 to 4 days) after treatment with IdUrd, a time optimal for xenotropic virus detection in cultures of BALB/3T3 and AKR/NP cells; and (ii) xenotropic virus expression in induced BALB/3T3 and AKR/NP cell cultures was biphasic, with titers reaching peak values a Cells were infected at a multiplicity of infection of 2 to 5 during the log phase of growth, and virus released into the culture fluid by these cells was determined at various subculture generations. Virus production was followed by determination of particle-bound DNA polymerase activity (DNA pol) in the culture fluid and titration of XC plaque-forming virus in Sc-1 cells. DNA polymerase activity is given as counts per minute per 30 min per 106 cells.
VOL. 45, 1983 on October was followed by determination of virus titers in the tail bone. For this, tails from 12 inoculated and control mice were clipped at monthly intervals and ground up in mortars, and titers of the virus suspensions were determined on Sc-1 cells by the XC assay. Mice which were overtly sick were necropsied, and tissues were processed for histological examination. The cumulative disease incidence is shown only for mice that had been successfully infected. Tumors developing between 4 and 7 months generally were detected upon autopsy of animals that were not overtly sick. Replication-deficient, XC-negative C3H MuLV did not induce tumors with a latency of <12 months. Pathological examination of tumors generally identified them as lymphocytic leukemias. Development of virus titer in tail extracts: 0, R + Cl 3; 0, A2. Cumulative lymphoma incidence: top, R + Cl 3; bottom, A2.
during two time intervals, first at 2 to 4 days after treatment and a second time shortly before the cultures became homogenously infected by spreading ecotropic MuLV. Low levels of xenotropic virus were produced continuously by the induced cultures until a time when all of the cells were infected with MuLV. Our findings also differ from those reported previously in that we were able to isolate dualtropic MuLV from IdUrd-induced cultures. Furthermore, we confirm and extend here our previous findings that the in vitro infectivity of induced ecotropic C3H MuLV correlated with its leukemogenecity in vivo. This was evident since infection of leukemia-negative NFS/N mice with the highly infectious, XC-positive virus R + Cl 3, but not with the poorly infectious, XC-negative virus A2, was sufficient to convert this strain to a highleukemia phenotype.
Biphasic induction of mink-plating MuLV. We observed maximal levels of xenotropic virus expression during two time intervals after IdUrd induction. Infection leads to the activation of resident xenotropic virus in the infected mouse cells followed by the occasional formation of recombinants. The data presented here do not distinguish between these possibilities. The presence of minority components in the infecting virus stocks does appear likely, however, in view of the facts that only MuLV from M. musculus gave rise to mink-plating virus upon acute infection of NIH 3T3 cells and that the phenomenon of genomic masking, which can effectively eliminate xenotropic infectivity in stocks of ecotropic MuLV, has been well documented (13) .
If there is any resemblance between the events that take place after IdUrd induction of ecotropic MuLV in culture and those that follow the spontaneous emergence of this virus in vivo, it may be between the second peak of minkplating virus production in vitro and the emergence of xenotropic and MCF MuLV during the preleukemic phase in vivo (19, 28, 29) . Since transient production of mink-plating virus also occurs after acute infection of permissive cells in culture with IdUrd-induced MuLV, we might predict that what happens in vivo during the preleukemic period is the spread of a mixed virus population through permissive cells in the thymus followed by the transient outgrowth of xenotropic and dualtropic viruses, including forms that can infect and eventually transform thymic T cells which may be resistant to ecotropic virus (10-12, 22, 44) . Although this analogy may be farfetched, the availability of an in vitro system in which the formation of MCF MuLV can be studied should aid our understanding of a key event that occurs in the development of natural mouse leukemia.
Differences in the virulence of induced ecotropic virus from C3H/1OT1/2, BALB/3T3, and AKR/NP cells. Ecotropic MuLV has long been recognized as a risk factor for development of mouse leukemia. Gross (16) first isolated a highly leukemogenic strain of MuLV by repeated selection in vivo, starting with an extract from an AKR lymphoma. The virus is highly related to the endogenous ecotropic AKR MuLV (4). Subsequently it was found that the distribution of endogenous ecotropic viral genes correlates with the leukemia phenotype; i.e., leukemiapositive mice contain such genes, whereas leukemia-negative strains do not (6, 8, 9) . Moreover, it was demonstrated that infectious spread of spontaneously activated ecotropic virus is required for leukemia to occur at high incidence and that the risk of leukemia increases as a function of virus titer in the blood (30) . Another line of evidence pointing to the need for spread of MuLV was the finding that passive immunization of AKR mice with antiecotropic viral antibody does delay the onset of disease (23, 45) . Analogous results have been reported more recently with BALB/c mice which had undergone genetic surgery leading to the germline integration of Moloney MuLV (25, 26) . BALB/mo mice develop viremia early in life, followed by overt leukemia unless the animals receive passive immunotherapy. These earlier findings did not explain, however, why some mouse strains, such as C3H/He, which are Fv-ln and contain endogenous ecotropic MuLV in their genome, have a low leukemia incidence, whereas others, such as AKR, PL, or 58, are highly leukemic.
Our experiments demonstrate a difference in infectivity as well as XC fusion activity between IdUrd-activated virus from AKR/J versus that from C3H/He or BALB/c cells. The argument for a difference in the infectivity of endogenous ecotropic virus from AKR versus that from C3H/He or BALB/c rests on the following findings. (i) IdUrd-induced virus from AKR/NP cells was 2 to 3 logs more infectious than virus from C3H/10T1/2 cells. Virus from BALB/3T3 cells was similar to C3H MuLV in regard to the XC phenotype and replication efficiency (35) . ( It could be argued that we are not comparing properties of truly endogenous viruses in these experiments since IdUrd, a potential mutagen, was used for induction. However, IdUrd and 5-bromodeoxyuridine do not seem to activate virus by mutagenesis; instead, they modulate transcription in some nonspecific fashion (7), possibly via a transient effect on DNA structure that mimics the structural change induced by hypomethylation of DNA (39; 0. Niwa, personal communication). The virus-inducing effect of 5-azacytidine, a cytidone analog which is not methylated in DNA by the cell, was first demonstrated in the avian system (17) , and the importance of the methylation status of DNA for expression of endogenous virus in mammalian cells has since been amply confirmed. Another possibility for the mechanism of IdUrd induction has been suggested by the results of transfection experiments with AKR cell DNA (31) , which pointed to a trans-acting cellular restriction for expression of endogenous AKR ecotropic MuLV. The basis for this conclusion was the observation that pretreatment with IdUrd of NIH 3T3 cells, the recipients for AKR cell DNA, was required for successful transfection, whereas pretreatment of AKR cells before isolation of DNA for transfection was not. However, since the fraction of AKR cells that was successfully induced in this experiment was not determined and since IdUrd presumably continued to (33) . Low-leukemic strains generally yielded infectious virus at low frequency, whereas high-leukemia strains showed a high frequency of induction of infections, XC-positive MuLV. Certain F-1 combinations of lowleukemic strains showed a high induction frequency, indicating the possible presence of the trans-acting regulatory genes that would affect the level of virus expression. These data seem equally compatible, however, with a complementation between defective viral genes followed by a recombination to yield more virulent virus upon subsequent cycles of infection.
Our results on the oncogenicity of IdUrdactivated ecotropic C3H MuLV are consistent with our earlier speculation that the infectivity of endogenous ecotropic MuLV is a determinant of leukemia incidence in inbred mice (21, 35, 36) . The oncogenicity of IdUrd-activated ecotropic MuLV from C58/J and BALB/c mice was originally reported by Greenberger et al. (15) . The tumor incidence that we have observed with in vitro-converted XC plaque-purified C3H MuLV was higher than that reported by Greenberger et al., possibly because they used unselected virus material that may have contained mixtures of virulent and avirulent viruses. Leukemogenicity testing of IdUrd-activated endogenous C3H/MuLV also shows that conversion or unmasking (13) of XC-negative ecotropic C3H virus to the replication-competent, XC-positive form apparently did not readily take place in vivo. Thus, the leukemia phenotype of inoculated MuLV was that of the dominant masking genotype present in the inoculum.
A possible basis for differences in the virulence of endogenous MuLVs. The molecular basi-s for the observed low infectivity of ecotropic virus from C3H/He and BALB/c mice may be either the viral genome in these particles or some component in the virus capsid. An example of the latter possibility has been described for the J. VIROL.
Fv-1 restriction system, where it was shown that susceptibility to restriction could be acquired by phenotypic mixing (40) . Alternatively, it is possible that the genome of endogenous ecotropic C3H/He and BALB/c MuLV has less virulence than that from AKR mice. This might be caused by proviral sequence divergence that occurred in these low-leukemia mice in the absence of selection for infectivity. Repeated germline reinfections presumably have been selected in AKR mice (46) , on the other hand, which were bred for a high incidence of leukemia. 
